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Crystals grow by gathering and bonding of atoms to form an ordered structure. Typically, the growth is equally probable in all 
crystalline directions, but sometimes, it is not, as is the case of nanowire growth. Nanowire growth is explained, in most cases, 
by the presence of liquid metal droplets that mediate between an incoming flux of atoms and a substrate or an existing crystal 
nucleus, while defining the lateral dimension. Here, we report and explain a previously unknown mode of non-isotropic crystal 
growth observed in two wurtzite semiconductors, InN and ZnO. Being of polar structure, wurtzite crystals possess a built-in 
internal electric field. Thermally-excitied charges screen the built-in electric field during growth in a non-uniform, yet 
symmetric, manner, causing the formation of symmetric domains of inverted polarity. These domains limit the lateral expansion 
of the crystal, inducing a fiber growth mode. The mechanism described here elucidates previously unexplained phenomena in 
the growth of group III-nitrides on sapphire, emphasizing the need to consider the effects of built-in electric fields in the growth 
of polar semiconductors.      
 
While the interest in polar semiconductors is constantly rising, 
understanding of their physics has been lagging behind. As we show 
here, the inherent internal electric fields may have unique anisotropic 
effect on the growth of polar semiconductors crystals. Anisotropic 
crystal growth has been a subject of major interest by its own virtue. 
One useful result of it is nanowires – nanometer scale crystalline 
fibers that have been firing the imagination of the worldwide 
scientific community as a possible building block for 
nanotechnology.1 Although nanowire growth has been intensively 
studied,2 not all is known yet about the reasons, for which crystals 
grow as fibers. The first explanation, suggested by Frank, described 
them as evolving around a screw dislocation.3 Infrequently 
encountered in fibers, screw dislocations invoked much controversy 
and debate, until the model was joined by the now widely accepted 
vapor-liquid-solid model, proposed by Wagner and Ellis of Bell 
Labs in the 1960s.4 Their model suggested that a droplet of liquid 
metal mediates the growth, restricting the lateral size of the fiber to 
the droplet contact area. Successfully tested, this model has become 
the basis of the main technique for nanowire growth today.5 Yet, 
nanowires often grow without an intentionally added catalyst.6 Most 
of these cases are classified as “self-catalysis”, i.e., catalysis by the 
metal ingredient in the nanowire compound.7,8 Such non-catalyzed 
growth mode is often considered cleaner, but at the same time, it is 
also considered more challenging in terms of the control of wire 
diameter.9 Interestingly, the resulting nanowires are sometimes 
uniform and reproducible in size and shape.10 Could there be a 
mechanism that, in the true and complete absence of a catalyst, 
drives crystals to grow in fiber form?  
Along with the extensive research of nanowires, various 
modifications of the vapor-liquid-solid model have been proposed, 
but they all required the involvement of a catalyst material (see 
Kolasinski et al. and references therein).11 During our initial 
attempts to grow InN nanowires, our findings suggested that the 
fibrous crystal growth we obtained followed a mechanism that 
differed from anything known before. Later, we observed the same 
in ZnO as well. Here, we describe our observations and propose a 
mechanistic model that provides a step-by-step physical explanation 
for a nanowire growth mode that does not require a catalyst. 
InN marks the lower bandgap limit of the nitride semiconductor 
family.12 The members of this family do not occur in nature and are 
typically grown epitaxially on sapphire (an insulator) or silicon 
carbide (6H-SiC, a semiconductor). Solid solutions of InN and GaN 
and/or AlN are used to engineer quantum structures with varying 
bandgap for photonic applications that could potentially span a wide 
photonic spectrum, from the infrared to the ultraviolet (1700 to 200 
nm).13  
Under the conditions described here, InN grows on c-plane 
sapphire as submicron fibers (nanorods), in a unique, symmetric, and 
uniform mode of growth that does not seem to match any of the 
existing models for nanowire growth. To explain the mechanism of 
this phenomenon, we propose a model, in which electric-charge-
driven symmetric and reproducible polarity inversion processes 
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predictably and accurately determine a limit to the nucleus lateral 
expansion to produce outstandingly narrow distribution of rod 
diameters (Fig. 1).  
Grown on c-plane sapphire substrates, the InN rods showed 
epitaxial relation to the substrate (Fig. 1A and 1B). This was despite 
the lattice constant differences (the ‘a’ lattice constant is 0.4785 nm 
for sapphire and 0.3545 nm for InN) The experimental details of the 
growth as well as basic material characterizations have already been 
given elsewhere.14  
The rods were randomly spaced (~0.3 rods/µm2) and appeared 
to have rather narrow distribution of diameter (373 ± 22 nm) and 
length (1723 ± 58 nm). The correlation between diameter and length, 
as measured in SEM images with pixel size of ~10 nm, was 0.53. 
Rod lengths were roughly equal to 300 ‘c’ lattice constants, while 
their diameters were roughly equal to 100 ‘a’ lattice constants. Since 
the structure is 2H, the period in the c-axis direction was actually 2 
times that of the ‘c’ lattice constant (stacking order of ababab… - 
one ‘c’ lattice parameter for ‘a’ and another for ‘b’). Hence, the 
height was about 1.5 times the diameter in terms of the 2H-InN 
polytype unit cell, i.e., the average crystallite was about 150 unit 
cells long and 100 unit cells in diameter. The rods appeared to grow 
in perpendicular orientation to the substrate, ending with hexagonal 
pyramidal tips. The main peaks observed in 2θ-ω symmetric X-ray 
diffraction were clearly identified as Al2O3(0006), InN(0002), and 
InN(0004), which confirmed what is already suggested in the SEM 
image, i.e., the rods adopt the c-orientation of their sapphire 
substrate. The InN(0002) peak was combined with a minor InN(10-
11) peak diffracted from the sloped sides of the pyramidal tip.  
Head-on SEM images show the hexagonal cross-section of the 
rod tops (Fig. 1B). However, close inspection of the crystallite sides 
(Fig. 2A) reveals a more complicated structure, comprising what 
appears to be two interwoven hexagonal phases. Figure 2B is a 
schematic depiction of the crystal, in which the two phases are 
shaded differently. The apparent cross sections at various heights are 
shown to the left, while a drawing of the bottom phase alone appears 
to the right. One phase occupied most of the rod’s cross-section at its 
base, while the other dominated at the tip. The two phases appeared 
to share the volume of the rod in perfect symmetry that was 
accurately replicated in virtually all the rods we examined (within 
the practical limit of the number of rods that could be feasibly 
examined).  
Rod growth seemed to begin with one phase, while the other 
phase only occupied the six corners of the hexagonal base. As the 
growth proceeded, the corner phases expanded inward toward the 
rod’s center, and upward from all six corners until they occupied the 
entire cross section. Following this point, the rods ended their 
growth in a pyramidal shaped tip. Selected area diffractions did not 
show more than a single crystal.14 Therefore, the only way to explain 
the observation of two phases is that they are polarity-inverted 
domains, which are indistinguishable by this diffraction. To test this 
hypothesis, we used converged beam electron diffraction (CBED). A 
single rod was first encapsulated in Pt and attached to a tungsten tip 
in a focused ion beam (FIB) lift-out transmission electron 
microscopy (TEM) grid, and then thinned down using a Ga ion beam 
to a thickness of about 100 nm. Figure 2C shows a TEM image of a 
nano-rod attached to a tungsten tip. Figure 2D is a schematic 
illustration of the same. CBED patterns were then acquired from the 
 
Figure 1 - Scanning electron microscope (SEM) images of InN nano-
rods on sapphire: (A) 30°, and (B) 90° (head-on view). (C) Histogram 
of widths and heights obtained from 100 rods in SEM images. A 
shows the uniform appearance of the rods, while B shows that the 
rods are aligned with each other, suggesting epitaxial relations with 
the substrate. C shows the narrow distributions of rod dimensions. 
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middle of the base and from one side of the pyramidal tip. A 
comparison of measured and simulated CBED patterns confirms that 
at the base, the rod grew in the (0002) direction, while at the tip, it 
grew in the (0002�) direction (Fig. 2E).  
The above observations elicit two questions. First, what limits 
the lateral growth to a specific size that is rather accurately 
reproduced? And second, what mechanism can underlie such a 
symmetrically interwoven polarity inverted domain structure? In 
what follows, we attempt to answer the above questions using a 
single mechanism. 
The In-N bond is of ionic nature, its crystal lacks inversion 
symmetry, and the ratio of its lattice parameters is smaller than that 
for perfectly hexagonally close-packed atoms (c:a=1.613 for InN and 
1.6333 for hcp). Together, these features produce a net dipole 
moment along the c-axis of the unit cell. Although these dipole 
moments cancel out among adjacent dipoles in the bulk, 
uncompensated opposite polarization charges remain on the two 
polar faces. The resulting energy band diagrams are shown in Fig. 
3A. Ab-initio calculations showed a rather large spontaneous 
polarization in InN of 𝜎𝑆𝑃 = −3.2 ∙ 10−6 𝐶𝑏𝑐𝑚2 which is equivalent to 
a sheet carrier concentration of 2 ∙ 1013 𝑐𝑚−2 of positive charge at 
the N-polar face and an equal concentration of negative charge on 
the In-polar face.15 The resulting built-in field along the polar axis 
of the crystal is modified during the high temperature growth by the 
pyroelectric effect. The difference between the ‘a’ lattice constants 
of sapphire and InN adds a piezoelectric component to the built-in 
field that augments the spontaneous polarization at the early stages 
of the growth in the proximity of the substrate interface. Due to 
controversy on calculated values of the spontaneous 
polarizationError! Bookmark not defined. and lack of data 
on the pyroelectric effect in InN,16 it is not possible at this time to 
evaluate the net polar built-in field. However, for the purpose of 
our model, we only need to assume that the combined effect of 
these three contributions is a non-zero built-in electric field. We 
will also assume that the net field points in the (0002) direction. If, 
in fact, it actually points otherwise, i.e., in the (0002�) direction, the 
sign of the charges at each polar face will change, but this would 
not affect the model. Due to the small bandgap (0.65 eV)17 and the 
high growth temperature (~550 °C), electron-hole pairs are 
generated thermally during the growth. The field induced by the 
polar charges, situated on the polar faces, attracts electrons to the 
N-polar face and holes to the In-polar face. This is shown in an 
energy band diagram in Fig 3A (we follow a similar band diagram 
proposed for GaN18). 
Growth begins from a nucleus that initially expands horizontally. 
Electron-hole pairs separated by the polar built-in field are swept to 
the polar faces. However, due to the small diameter of the crystal, 
carriers of the same charge experience mutual coulomb repulsion 
that sweeps them away from each other as far as they can go 
(illustrated in Fig. 3B). In a hexagonally-shaped InN mesa, they 
divide equally among the six corners. As the growth starts along the 
c-axis, the top of the crystal mesa is the In-polar face, and the holes 
that are swept upward crowd at the six top corners. At the same time, 
electrons do the same on the N-polar side (interfacing the substrate). 
Thus, at the center of the hexagonal mesa, where there are no free 
 
Figure 2 – (A) SEM close up image of a single rod, false colored to enhance 
the details. (B) Schematic illustration of a rod emphasizing the two phases, 
showing cross sections at different rod heights on the left, and the non-
inverted phase alone on the right. (C) TEM image of a single nano-rod 
attached to a tungsten tip on a FIB TEM grid. The rod is coated with Pt and 
thinned down to about 90 nm. (D) Schematic map of Fig. C showing its 
different parts. (E) Left column: Two converged beam electron diffraction 
(CBED) patterns obtained from the center of the rod base (marked as point 
#2) and from one side of the rod tip (marked as point #1). Right column: 
Simulated CBED patterns are shown for comparison to the right of each 
measured pattern. 
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carriers, the electric field is only a superposition of the spontaneous 
polarization field, FSP, the pyroelectric field, FPZ, and the 
piezoelectric effect, FPE. However at the corners, the crowding 
mobile charges partially compensate the polar charges, effectively 
inducing an opposite field, FFC, that weakens the polar field 
FCPEPZSP FFFFF −++=∑  (illustrated in Fig. 3C). As 
the hexagonal mesa expands, its volume increases and (per the same 
thermal generation rate) the total number of generated electron-hole 
pairs increases. At a certain width, the mobile charges at the corners 
reach a large enough density to totally cancel the polar charge (note 
that this happens only at the corners). Subsequent expansion from 
that point and on contributes additional charge to create a greater 
opposite field at the corners, until eventually, the net field at the 
corners is inverted. 
As long as the electric field is pointing up, the added columns 
maintain the crystal’s original polarity. At some point, however, the 
electric field at the corners flips, and from then on, maintaining the 
growth in the original polarity becomes increasingly difficult. 
Eventually, the electric stress becomes so high that the only way to 
relieve it is to flip over the polarity, placing an inverted dipole at the 
corner. Once this happens, the corners become effectively “locked”, 
thereby precluding further horizontal expansion. This is because at 
the vicinity of the inverted corners, the polar electric fields are less 
defined, and new material is lacking a definite electrical guidance. 
Since the thermal generation rate is roughly the same in all nuclei, 
they all become locked for further horizontal expansion at about the 
same width (volume). This mechanism explains the narrow diameter 
distribution of the rods. More importantly, it explains why the 
growth forms nanorods rather than continuous layers. We note that 
 
Figure 3 – (A) Energy band diagrams showing the effect of the polar charges inducing built-in fields that result in surface accumulation on the In-polar 
face and surface inversion/depletion on the N-polar face, following the model of Harris et al for GaN.18  At the beginning of the growth the rod is very 
short and is fully depleted as shown in the top diagram. As the rod continues to grow, it becomes long enough such that the built-in fields are 
eventually limited to the surface regions. (B) schematic illustration of a hexagonal, mesa-shaped, nucleus at the beginning of the growth process 
showing that mobile charges on the top surface crowd into to the six hexagon corners. Similar crowding takes place at the bottom face of the mesa 
with opposite sign charges. (C) Zoomed in view of B showing the electric field at a corner, where the direction of its electric field flipped relative to 
the nearby electric field situated some distance from the corner. 
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this “locking” is not absolute as expansion and sideway growth of 
the facets appears to continue at a slower pace, and this seems to be 
the reason why the inverted phase does not appear to reduce to zero 
width at the substrate height level. This is more pronounced in ZnO 
that will be shown later.  
Once the mesa becomes “locked” for horizontal expansion, it 
proceeds to grow upward. As the growth proceeds upward, each 
additional layer increases the volume and, consequently, increases 
the number of generated electron-hole pairs. This increases the 
number of free carriers crowding at each corner, causing them to 
gradually spread toward the center of the mesa. As a result, the 
inverted polarity phase at the corner gradually expands toward the 
center as the height of the rod increases. This explains why the 
inverted phase at the corners is observed to expand inward until, at a 
certain height, all six inverted phases from the six corners meet each 
other at the center, thereby eliminating further growth of the original, 
non-inverted, phase. At this point of the crystal growth, one could 
expect the same process of corner inversion to start over. However at 
this point, the volumes of the two phases become identical. One 
phase separates electron-hole pairs sending the holes upward, while 
the other phase sends the electrons upward. As a result, the net 
mobile charge at the top is small and there is not enough of it to 
cause another corner-inversion.  
The pyramidal tip formation is not necessarily a part of the 
present model. Having been observed in both polar and non-polar 
materials, pyramidal growth does not seem to always require charges 
and electric fields.19 It has been studied and explained in several 
models.20,21 In our case, the pyramidal tip is reminiscent of the 
pyramidal V-pits commonly observed in InGaN, the sloped sides of 
which are also (101�1�).22 Apparently, (101�1�) is a low energy face in 
InN. 
Figure 4 shows the same growth mode as observed in ZnO 
when grown by chemical vapor deposition (CVD) on a thermally 
oxidized Si (111) substrate. In this case, there were no epitaxial 
relations with the SiO2 substrate, and the crystals are observed to be 
randomly rotated around their growth axis with respect to one 
another (Fig. 4B). The width of the ZnO crystals is roughly 10 times 
that observed in the InN. This actually makes sense, because the 
thermal generation in ZnO is much smaller due to the wider 
bandgap. Therefore, a larger volume would be required to generate 
the same number of electron-hole pairs. An accurate comparison, 
however, would have to take into account the exact electric fields 
induced by the polar-charge, which calculation would require 
parameters that are generally not available at present for non-
ferroelectric materials due to the great difficulty in measuring them. 
In the ZnO case, the rod continues to extend laterally at a slow pace 
also during its vertical growth, and for this reason, the inverted phase 
width is not observed to extinct at the substrate level. Another 
evidence for the lateral growth is the somewhat larger width at the 
bottom compared to the top. The pyramidal tip, observed in the InN, 
is missing in the ZnO, supporting our previous suggestion that this 
feature is not necessarily a part of this mode of growth.  
Interestingly, growth of a continuous layer of InN rather than 
rods was observed, when the sapphire substrate was replaced with a 
heavily doped GaN template.14 Apparently, the mobile charge 
exchange with the conductive substrate interfered with the proposed 
 
Figure 4 - Scanning electron microscope (SEM) images of CVD-grown 
ZnO nano-rods on thermally oxidized Si(111): (A) false-colored close-up 
view showing the facet structure. (B) Head-on view showing the lack of 
rotational symmetry testifying the lack of epitaxial relations with the 
substrate. (C) Wider view showing several crystals. This image shows 
that the crystals grow along the c-axis which aligns perpendicular to the 
substrate despite the lack of epitaxial relations. The mechanism 
underlying this alignment is beyond the scope of this work. 
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charging process, thus enabling the mesas to expand far enough to 
merge into a continuous layer. 
While the proposed growth mode is limited to polar materials, it 
may not be limited to InN and ZnO. In the early days of GaN 
research, the growth of GaN directly on sapphire (without a so-
called “nucleation layer”) was often observed to result in what was 
then dubbed “hillocking”. Reminiscent of our nanorods, GaN 
hillocking typically exhibited a different aspect ratio than that 
observed in our InN rods.23 An intriguing result of the early work 
with GaN showed that columnar hillocks were surrounded by 
inversion domains.24 Unexplained inversion domains have also been 
reported in the growth of c-oriented GaN nanowires on c-plane 
sapphire, but in all these cases the non-symmetric cross-section 
resulted in a non-symmetric domain appearance that rendered their 
explanation more difficult compared with our case.25,26,27,28,29 
Formation of fibers, such as we observed, should be limited to cases, 
wherein the unit cell is anisotropic and growth takes place along the 
polar axis. This makes the 2H polytypes of group-III nitrides a 
natural example. Indeed, similar AlN nanorod structures as well as 
inversion domains in AlN layers have been observed to grow on C-
plane sapphire.30,31 For the past twenty years, the occurrence of 
inversion domains in layer growth of group III nitrides has been 
considered a challenge to this crystal growth technology. We believe 
our observations and model shed new light and suggest a previously 
unconsidered mechanism that promotes non-isotropic growth to 
form crystalline fibers, when polar materials are grown on insulators. 
When layer growth is desired, this fiber mode of growth could be 
easily avoided, if the sapphire were to be replaced with, e.g., 
conductive silicon carbide.  
 
Materials and Methods 
Growth of InN on c-plane sapphire was carried out in a hydride 
vapor phase epitaxy reactor. The reactor consisted of 75 mm quartz 
tube, placed in a three-zone horizontal furnace. One heating zone 
was used for hydride reaction of In with HCl gas (diluted with N2). 
The resulting Indium chloride was formed in an internal quartz tube 
(10 mm cross section) at 500 °C and was carried in its dedicated tube 
into the reaction zone. The reaction zone was kept at 550 °C during 
the process.  Ammonia was delivered to the growth zone via separate 
10 mm diameter quartz tube, and the InCl gas reacted with ammonia 
to form InN. The growth was carried out at atmospheric pressure. 
Ultra high purity Ar was used as a carrier gas. Typical carrier flow 
was 3000 sccm, HCl and NH3 flows were 5 and 100 sccm, 
respectively. 
ZnO was grown by chemical vapor deposition (CVD) in a tube 
furnace on a thermally oxidized Si <111> substrates. Carbo-
thermally reduced ZnO was used as the Zn source (30:30 mg 
mixture of ZnO powder and graphite powder. The growth was 
carried out at 1100 ºC under a flow of 50/25/2.5 sccm of Ar/CO2/O2. 
The samples where situated in the quartz crucible above the Zn 
source. The crucible was introduced into the preheated furnace using 
a linear-motion feed-through for 5 min following which it was 
rapidly pulled out. 
Cross-sections were made  in  a  dual-beam  DB235  FIB/SEM 
instrument  (FEI  Co.,  Hillsboro,  OR,  U.S.A.) at ion-beam  current  
of  10  pA and Ga+ beam energy of  10 keV. Scanning electron 
microscopy was carried out in a LEO (Zeiss) 1525 FEG-SEM Field 
Emission Gun Scanning Electron Microscope. TEM was performed 
using a JEOL 2010-FEG-TEM operated at 200 keV. CBED 
simulation was carried out using Pierre Stadelmann's JEMS electron 
microscopy simulation software.32 
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